This study developed a new effervescence-assisted switchable fatty acid-based microextraction combined with solidification of a floating organic-droplet (EA-SFAM-SFO) for simple and rapid determination of fluoroquinolones and tetracyclines in seawater, sediment, and seafood. Five medium-chain fatty acids (pentanoic acid, hexanoic acid, heptanoic acid, octanoic acid, and nonanoic acid) were tested as an extraction solvent, given their ability to change between hydrophobic and hydrophilic forms by pH adjustment. As nonanoic acid had the highest extraction recovery (>92%) for the six antibiotics and the ability to transform from liquid to a solidified floating state at low temperature, it was selected as the optimum extraction solvent. The prominent advantages of the newly developed method are: (1) reaction between the procedures salt and fatty acid changed extraction solvent from the hydrophobic to hydrophilic state; (2) bubbling with CO 2 greatly increased the contact area between fatty acid and analytes resulting in improved extraction recovery; and (3) solidification of the fatty acid at a low temperature provided good separation and avoided the use of specialized equipment. Single-factor screening and optimization of the main factors were conducted using PlackettBurman design and central composite design, respectively. The main parameters were optimized as follows: 258 μL fatty acid, 406 μL H 2 SO 4 (98%), 3.9 min vortex time, and 354 μL Na 2 CO 3 (2 mol L -1). Under optimized conditions, limits of detection were 0.007-0.113 μg L -1 or μg kg -1 and extraction recoveries were 82.2%-116.7% for six fluoroquinolone and tetracycline antibiotics in seawater, sediments, and seafood. The newly developed method combines the advantages of effervescence-assisted dispersion, hydrophobic/hydrophilic switchable solvent, and liquid/solid transition induced by low temperature. Overall, the new method is simple, quick, and environment-friendly with low detection limits and high recoveries. Thus, the newly developed method has excellent prospects for sample pretreatment and analysis of antibiotics in marine environmental and food samples.
Introduction
Fluoroquinolones (FQs) and tetracyclines (TCs) are widely used antibacterial agents in human and veterinary medicines [1, 2] , which impact marine ecosystems through many pathways such as wastewaters from aquaculture, livestock, and urban environments [3] [4] [5] [6] [7] [8] [9] . Studies revealed FQ and TC concentrations of 108.8 and 13.02 ng L -1 in seawater, 70.2 and 3.28 μg kg -1 in sediments, and 64.2 and 9.45 μg kg -1 in aquatic organisms, respectively [8, 10, 11] . Antibiotics in the ocean not only affect the growth of microorganisms and contribute to the production of antibiotic resistance genes [12, 13] but also cause gastrointestinal discomfort, liver toxicity, nervous system disorders, and retinopathy through food chain enrichment [14] [15] [16] [17] . Under ambient conditions, antibiotic concentrations are in the pg-ng-μg L -1 range in seawater and sediment [8, 18] . High concentrations of inorganic salts in seawater, organic matter in sediment, and proteins and fats in seafood products pose potentially strong interferences for the detection of antibiotics [19] . Therefore, an efficient sample pretreatment is required to eliminate the effects of complex impurities in marine matrices and to improve detection sensitivity and recovery [20, 21] .
In addition to traditional extraction methods such as liquidliquid extraction (LLE) [19] , solid phase extraction (SPE) [22, 23] , and solid phase microextraction (SPME) [11] , dispersive liquid-liquid microextraction (DLLME) was proposed for the determination of antibiotics in seawater, sediment, and seafood [8] . DLLME was first reported by Rezaee et al. (2006) [24] and has many advantages such as simple operation and the need for only small amounts of organic solvents. However, it has a series of disadvantages such as extractants with densities greater than water being hazardous halogenated hydrocarbons [25, 26] , whereas extractants less dense than water are hard to separate from water, thereby increasing experimental error. In these cases, isolation of the extractant from the top of the aqueous phase required the use of specialized homedesigned devices [27, 28] . These noncommercial devices increased the complexity of the operation, the cost of extraction, and were very difficult to clean for reuse. Solidified floating organic droplet microextraction (SFODM) was first reported by Leong and Huang (2008) [29] , and uses a low-density solvent with a room temperature melting point as the extraction solvent. After centrifugation and freezing, the low-density solvent can be easily collected without the need for specialized equipment, but is only feasible when the solidification temperature is lower than that encountered during the extraction procedure. However, suitable extraction solvents for SFODM are limited, and only undecanol and dodecanol are commonly used [30, 31] ; both of these solvents have strong toxicities.
Medium-chain fatty acids belong to a class of environmentally friendly solvents, which can switch between hydrophilic and hydrophobic forms. They have been widely promoted as a new Bgreen^solvent in pretreatment applications in recent years [32, 33] . Shih et al. (2015) [34] reported a novel fatty acid-based, in-tube dispersive liquid-liquid microextraction (FA-IT-DLLME) technique for the determination of alkylphenols in aqueous samples, which achieved high extraction recovery, short extraction times, and low extraction solvent requirements. To determine ofloxacin in human urine, Vakh et al. (2016) [35] used hexanoic acid as an extraction solvent and developed a fully automated effervescencea s s i s t e d s w i t c h a b l e s o l v e n t -b a s e d l i qu i d p h a s e microextraction (EA-SS-LPME) with enhanced extraction recoveries achieved through bubbling of CO 2 to increase interaction with analytes.
In this study, five room temperature medium-chain fatty acids were screened as potential extraction solvents and only nonanoic acid achieved high extraction recoveries for all six target antibiotics. Thus, we used nonionic acid as the extraction solvent and adopted the advantages of EA-SS-LPME and SFODM to develop for the first time an effervescence-assisted switchable fatty acid-based microextraction combined with solidification of floating organic-droplet (EA-SFAM-SFO) method for the determination of four fluoroquinolones and two tetracyclines in seawater, sediments, and seafood. The newly developed method has excellent prospects for sample pretreatment and analysis of trace level fluoroquinolones and tetracyclines in complex environmental and food matrices.
Experimental

Reagents and materials
Analytical standards included six antibiotics, ofloxacin (OFL), norfloxacin (NOR), ciprofloxacin (CIP), enrofloxacin (ENR), oxytetracycline (OTC), and tetracycline (TC) with purity >99.0%, and five medium-chain fatty acids, pentanoic acid, hexanoic acid, heptanoic acid, octanoic acid, and nonanoic acid, all purchased from J&K Chemical, Shanghai, China.
Stock standard solutions (1000 μg mL -1 ) for the six antibiotics were prepared every month by dissolving each compound in methanol and stored at 4 o C for further use. Working solutions were diluted with Milli-Q ultrapure water (Millipore, Bedford, MA, USA) and methanol (v/v = 50:50) to prepare a secondary mixed stock solution of 10 μg mL 
Sample collection and processing
According to the state standard of the People's Republic of China (GB 17378. , seawater and sediment samples were collected in Laizhou Bay (Weifang, China) in the summer of 2017. The seawater sample was filtered through a 0.45-μm membrane filter and stored at -4 o C until analysis. The sediment sample was air-dried at room temperature before grinding and sieving. Fish, shrimp, shellfish, and squid were purchased from local fishing boats (Weifang, China) and stored at -20 o C after grinding (JX-FSTPRP-24 grinder, Shanghai, China). All samples were analyzed within 1 wk of sample collection.
Samples preparation
As illustrated in Fig. 1, 10 mL of seawater sample was added to a 15 mL high-density polyethylene (HDPE) tube, then 100~300 μL fatty acid and 100~700 μL Na 2 CO 3 (2 mol L -1 ) were added. When the solution became alkaline (~pH = 9.2), the fatty acid was converted to a hydrophilic form.
An aliquot of 2.0 g sediment sample and 10 mL ultrapure water were added to a 15 mL HDPE tube, and after vortexing, 100~300 μL fatty acid and 100~700 μL 2 mol L -1 Na 2 CO 3 were injected. The sample was vortexed and centrifugation was carried out for 5 min with the supernatant transferred to 10 mL ultrapure water. A 1.0 g homogenized seafood sample was pipetted into a 15 mL HDPE tube, and then 1.0 mL nhexane was injected to dissolve fat, which was then removed by vortex and centrifugation. Following the addition of 10 mL ultrapure water to the seafood sample and vortexing, 100~300 μL fatty acid and 100~700 μL 2 mol L -1 Na 2 CO 3 were injected, and then 2.0 g Na 2 SO 4 was added to remove protein impurities. After vortex and centrifugation, the supernatant was transferred to 10 mL of ultrapure water. After the above procedures, 100~500 μL H 2 SO 4 (98%) was added to the 10 mL solution, which was then vortexed for 0~5 min at 3200 rpm (50 Hz, 115 w) (SI-0246; Scientific Industries, New York, USA), centrifuged for 5 min at 3200 g (TDL-50C, Anting Low Speed Centrifuge, Shanghai, China), and solidified in an ice bath for 10 min. About 1 mm thickness concave surface solidified organic droplet which formed at the aqueous phase's surface of the polyethylene plastic tube with a diameter of 1.5 cm was collected using a medical spoon, and then melted (~250 μL) at room temperature for antibiotic detection by HPLC-UV (Agilent-1260 HPLC; Agilent, Santa Clara, USA).
Instrumentation
A Zorbax Eclipse-C 18 column (250 mm × 4.6 mm, 5 μm particle size) was used for separating the test analytes with the following operating conditions: flow rate, 0.5 mL min 
Plackett-Burman (PB) design
A two-level PB factorial design consisting of 12 runs was established to rapidly screen the significant factors from several operational factors by eliminating the interactions. According to previous studies [36, 37] , the investigated variables included fatty acid volume (A), H 2 SO 4 volume (98%) (B), Na 2 CO 3 volume (2 mol L -1 ) (D), centrifugation time (3200 g) (F), and vortex time (3200 rpm) (H). In addition, according to previous studies [37, 38] , the standard error (SE) of the PBD was estimated by the effects of dummy factors, and Equation 1 is as follow:
dummy is the sum of squares of the dummy factors, and n dummy is the number of dummy factors. In this case, at least three dummy factors should be selected [39, 40] . Therefore, three dummy factors C, E, and G were introduced to investigate the effects. Each variable was investigated at two levels, low (−1) and high (+1). Table S1 in the Electronic Supplementary Material (ESM) summarizes the variable levels in the PB design.
Central composite design (CCD)
After single-factor screening using a Plackett-Burman design, four key factors, fatty acid volume, H 2 SO 4 volume, Na 2 CO 3 volume, and vortex time, were identified for further optimization by CCD. Single factor optimization determined the best extraction conditions
To be 200 μL fatty acid, 300 μL H 2 SO 4 , 2.5 min of vortex time, and 400 μL Na 2 CO 3 (ESM Fig. S1 ). Using Design-Expert 8.0.5 software (Minneapolis, MN, USA), CCD was performed to investigate multi-factor interactions, which included 22 treatments at five levels (−α, −1, 0, +1, +α) for four factors using two blocks to optimize values for each factor based on extraction recovery (ER) (ESM Table S2 and Table 1 
where Y is the dependent variable; x i is the independent variable; b 0 is the intercept; b i is the coefficient for linear effects; b ij is the coefficient for interaction effects; and b ii is the coefficient for 
Experimental evaluation
Central composite design evaluation: ANOVA was used to evaluate the level of the model impact factor and the corresponding results.
Methods evaluation: The method was evaluated based on coefficients of determination (R 2 ), linear range (LR), limits of detection (LOD), limits of quantification (LOQ), intra-and inter-day precision, and extraction recovery (ER) based on Equation 3):
where C found was the concentrations of analyte in the final solution, C real was the concentration of the analyte in the real sample (blank sample) without adding any standards, and C added was the concentration of a known amount of standard spiked into the sample. C found and C real were calculated using calibration line. Method stability evaluation: The precision study was carried out in six parallel experiments by determining the intraand inter-day relative standard deviations (RSDs) at four fortification levels (10, 50, 100, and 500 μg L -1 or μg kg -1
) of FQs and TCs. In intra-day stability study, each sample of four fortification levels was detected once per hour, and in interday stability study, each sample of four fortification levels was detected at 10 o'clock every day, the RSDs of intra-and interday were calculated after six parallel experiments.
Analysis of samples: the EA-SFAM-SFO method was applied for determining four FQs and two TCs in real-world seawater, sediment, and seafood samples in six parallel experiments. The ER was used to assess the analytical performance of the optimized method.
Results and discussion
Selection of fatty acids
Five medium-chain fatty acids (pentanoic acid, hexanoic acid, heptanoic acid, octanoic acid, and nonanoic acid) were evaluated as extraction solvents with the resulting ERs for four FQs and two TCs (spiked level of 10 μg L -1 /μg kg -1
) shown in Fig. 2a . The ERs for the six antibiotics extracted by pentanoic acid and octanoic acid were too low (mean ER <20%) for further consideration. Although the ER for hexanoic acid reached 98.5% for OFL, it was unacceptably low for the other five antibiotics, especially for OTC and TC. In contrast, the ERs for heptanoic acid and nonanoic acid were relatively high for five antibiotics, but this was not the case for heptanoic acid extraction of CIP (~70%). The best ERs were obtained for nonanoic acid with ERs >90% for all analytes, which was comparable or superior to traditional extraction solvents [41] . Additionally, it has a lower density than water and coagulates upon chilling in an ice bath. As a consequence, nonanoic acid is a suitable extraction solvent in SFOM procedures, which decreases matrix effects (i.e., impurity peak influence) and increases ERs compared with common DLLME methods. Notably, the ability of nonanoic acid to change between hydrophilic and hydrophobic properties with pH adjustment makes it an ideal candidate as a switchable solvent microextraction. As a result, nonanoic acid was selected as extraction solvent for subsequent experiments. [34] reported that approximately 99.9% of the fatty acid was dissociated into its anion form and acted as an anionic surfactant when the pH was higher than its pK a by at least three pH units. In contrast, when the pH was at least three pH units below its pK a , more than 99.9% of the fatty acid was in its neutral hydrophobic form. The pK a of nonanoic acid was 4.96, so strong alkali and strong acid were required for changing the hydrophobic/hydrophilic properties of nonanoic acid.
Additionally, the bubbling of CO 2 facilitated mixing to increase the contact area for increasing ERs. Therefore, Na 2 CO 3 and NaHCO 3 were chosen as a potential alkaline regulator; HCl and H 2 SO 4 were chosen as candidates for acidic regulator. The ER of FQs and TCs in 10 μg L -1 /μg kg -1 spiked level was used to evaluate the ability of pH regulator. As illustrated in Fig. 2b , the ERs for the combinations of Na 2 CO 3 -H 2 SO 4 and Na 2 CO 3 -HCl were 93.97% and 88.31%, respectively, which were higher than those of NaHCO 3 -H 2 SO 4 or NaHCO 3 -HCl (75.23% and 70.66%, respectively). These results demonstrated that the ERs for antibiotics were mainly dependent on the alkaline regulator, presumably because the solubility of Na 2 CO 3 in water at room temperature is about three times that of NaHCO 3 [42, 43] , which leads to a higher extraction efficiency. Therefore, Na 2 CO 3 and H 2 SO 4 were selected for the EA-SFAM-SFO method.
Screening of variables by PB design
Standardized Pareto charts (p < 0.05) of main factor effects are illustrated in Fig. 3 Optimization result for significant operational variables by CCD Some interactions might occur between the four major factors, which can also affect the final ER. Therefore, the CCD that optimized all of the major factors at the same time was more suitable than signal factor optimization. The significant results for the CCD model equation and related terms were evaluated by ANOVA (ESM Table S3 ). The model was highly significant (p = 0.002) and the lack of fit was not significant (p = 0.1502), indicating that other factors in this experiment had little effect on the overall model [44] . The relationship between the related effect and the response is indicated by B+^or B−^for each coefficient. A B+^indicates the coefficient and extraction recovery has a positive relationship, whereas a B−^means a negative relationship. The strength of the relationship between the coefficient and ER (Y) was indicated by the absolute value of the coefficient. As shown in Fig. S2a (see ESM) , most data points were located near the regression line, suggesting a good correlation between predicted and actual responses, and that the model well simulates the experimental factor effects and their interactions on ER. Moreover, the residual plots were randomly The optimal extraction data is calculated by the software Design-Expert 8.0.5 with setting the average target ER of six target compounds at 100% and the acceptable SD deviation at ±20%. In order to extract more details concerning experimental factors on ER, 3D response surfaces were plotted to represent the relationship between ER and the four experimental factors (Fig. 4). For example, Fig. 4a describes the 3D response surface for the effect of fatty acid volume and Na 2 CO 3 volume on ER under fixed conditions of 300 μL H 2 SO 4 and 2.5 min vortex time. The ERs for FQs and TCs increased with increasing fatty acid volume from 100 to 258 μL and Na 2 CO 3 volume from 100 to 354 μL. However, with a further increase in fatty acid volume from 258 to 300 μL and Na 2 CO 3 volume from 354 to 700 μL, the ERs for FQs and TCs declined. The 3D response surface for the effects of H 2 SO 4 volume and Na 2 CO 3 volume on ER when fatty acid volume and vortex time were set at 200 μL and 2.5 min, respectively, are shown in Fig. 4b . The maximum ER was (Fig. 4) , the optimum operational conditions were determined to be 258 μL fatty acid, 406 μL H 2 SO 4 , 3.9 min vortex time, and 354 μL Na 2 CO 3, which were calculated by Equation 4 and the software Design-Expert 8.0.5, setting the target ER = 100% and the acceptable SD deviation is±20%. The 3D response surface of AB, AC, BC, and CD, the p values of which were all higher than 0.05, are illustrated in Fig. S3 (see ESM) .
Method evaluation
Under optimized conditions, the performance of the EA-SFAM-SFO method was evaluated for regression equations, determination coefficient (R ) of FQs and TCs. The RSDs ranged from 1.06% to 5.96% for intraday analysis and from 1.57% to 6.88% for inter-day analysis (Table 3) .
Analysis of real-world seawater, sediment, and seafood samples . At the three fortification levels, ERs for the six antibiotics were in the range 90.6%-109.8% for OFL, 85.8%-111.5% for NOR, 90.6%-107.9% for CIP, 82.2%-114.6% for OTC, 90.7%-116.7% for TC, and 90.1%-109.7% for ENR (Table 4) . Concentrations of NOR, CIP, and TC in nonfortified samples were all below their respective LODs in seawater, sediment, and seafood (fish, shellfish, shrimp, and squid). However, OFL and ENR were detected at 0.81 and 1.22 μg L -1 , respectively, in seawater, and OTC was detected as high as 3.15 μg kg -1 in fish. These results demonstrate that the newly developed EA-SFAM-SFO method has excellent prospects for analyzing trace levels of FQs and TCs in marine environmental and seafood samples with high precision and accuracy.
Comparison of the EA-SFAM-SFO method with others
To verify the efficacy of the newly developed EA-SFAM-SFO method, the optimized method was applied to the determination of four FQs and two TCs in seawater, sediment, and four kinds of seafood. Typical chromatograms for marine environmental samples at a LOQ fortification level of OFL and 10 μg L -1 /μg kg -1 displayed good peak symmetry and separation, indicating that the method was effective for accurate quantification of six common antibiotics (Fig. 5) . The newly developed EA-SFAM-SFO method was also compared with other methods from the literature to compare its relative efficacy with respect to SPE [22, 23, 45] , SPME [11, 46] , PLE [47] , DMI-MSPD [48] , enzyme linked immunosorbent assay (ELISA) [49] , etc. (Table 5 ). The LODs for EA-SFAM-SFO were in the range 0.007-0.113 μg L -1 /μg kg -1 , which was ) [48] , but substantially lower than most other pretreatment methods. The ERs were in the range 82.2%-116.7%, which was comparable with methods like SPE (90%-132%) [50] , but better than many traditional pretreatments such as SPE (77%-88%) [22] , DMI-MSPD (66.4%-102.7%) [48] , ELISA (61.7%) [49] , SPME (63.8%-87.4%) [11] , and PLE (47%-89%) [47] . Large amounts of CO 2 were produced through the reaction of H 2 SO 4 with Na 2 CO 3 , which increased the contact area between the nonanoic acid and extraction solution, resulting in improved extraction recovery. In addition, this method reduces errors associated with the collection of extraction media, with solidified fatty acids providing a highly efficient extraction agent to further improve extraction recovery [35] . Sample preparation time (23.9 min) was much shorter than SPE (150 h, 22 h, and 260 min) [11, 22, 23] , SPME (55 min) [46] , and TPATPS (14 h) [51] . SPE and SPME require intensive washing of the extraction column with organic solvent [11, 22] or a long vortex time (~22 h) [23] to improve extraction recovery, whereas ATPS requires 2 h to form the aqueous two-phase system and 12 h to separate the extraction solution and extraction solvent. These time-consuming steps greatly increase processing time, limiting rapid sample throughput. Although DMI-MSPD (5 min), ELISA (7 min), and PLE (3 min) have much shorter pretreatment time requirements, their LODs are much higher and their ERs very low [47] [48] [49] .
The enrichment factor (EF) was calculated by Equation 5 [52] : Table 4 The fortified recoveries of FQs and TCs by the EA-SFAM-SFO method in sea water, sediments and seafoods Analytes Added Note: (1) ER indicates extraction recovery; (2) Each treatment includes three replicates; (3) Each detected value is mean ± SD (standard deviation) Table 5 Comparison of the EA-SFAM-SFO method with others for determination of FQs and TCs in sea water, sediment and seafood (Table 5 ). As can be seen from Table 5 , the EF of this method was higher than SPME (12.2~20.0, 6.4~8.7) [8, 11] , and SPE (6.0~7.8) [45] . Although the SPE-HPLC-MS [22] had a very high enrichment factor in seawater (770~880), there was a need for 1 L seawater sample and 12 mL methanol in this method. The extraction time of this SPE method was over 2.5 h, which was not conducive to rapid determination of large quantities of samples. Only 1.0 mL hexane and 258 μL nonanoic acid were used in the newly developed EA-SFAM-SFO method, which were much lower solvent requirements than SPE [22, 23] and SPME [8, 11, 46 ] that require about 10 mL methanol or isopropanol, and were also lower than DMI-DSPD [48] , which needs 6 mL of acetonitrile, and ELISA [49] , which needs 10 mL of ethyl acetate. In addition, the medium-chain fatty acids belong to a class of environmentally friendly solvents [32, 33] , which made the newly developed EA-SFAM-SFO more Bgreen^than traditional SPE, SPME, ELISA methods mentioned above, and conformed more to the requirements of green analytical chemistry. Although PLE [47] does not require organic solvents, the method requires specialized instrumentation to achieve the high temperature and high pressure extraction conditions. The need for specialized equipment increases the cost and operational complexity, making this method less desirable for rapid quantification of target antibiotics. This newly developed EA-SFAM-SFO method did not require specialized equipment, compared with the expensively solid phase extraction columns and ELISA kits, the nonanoic acid was inexpensive and easy to get, making it suitable for the rapid detection of large-scale samples. The solidification of nonanoic acid in an ice bath reduces experimental error caused by an inefficient collection of the extraction agent, but also avoids the need for specialized extraction devices, which simplifies operational steps and reduces experimental cost. The use of nonanoic acid, which solidifies upon chilling, further reduces complex matrix effects [34, 35] , resulting in improved accuracy and recovery.
Conclusions
A new switchable fatty acid dispersive liquid-liquid microextraction based on solidification of a floating organic droplet was developed for the determination of four fluoroquinolone and two tetracycline antibiotics in seawater, sediment, and seafood. The newly developed methods combined the advantages of fatty acid hydrophilic/hydrophobic alteration, CO 2 suspension assisted, and floating organic drop solidification, along with parameter optimization by PlackettBurman design and Central Composite Design. The method required only 23.9 min to extract antibiotics from a 10 mL sample solution and utilized minimal organic solvents (1.0 mL hexane and 258 μL nonanoic acid). The newly developed EA-SFAM-SFO method combines the advantages of switchable hydrophobic/hydrophilic forms and cold-induced liquid/solid state transition to realize high extraction efficiency for antibiotics. The effects of the main operational factors on ERs were evaluated by single-factor screening, and interactions between the key parameters were assessed by CCD. Under optimized conditions, the mean ERs for the six antibiotics was >90% in seawater, sediment, and seafoods, and LODs were as low as 0.007-0.113 μg L -1 or μg kg -1
. Overall, the newly developed method has low detection limits, short extraction time, wide linear detection range, and environmentally friendly characteristics for the determination of trace-level antibiotic concentrations in complex marine, environmental, and seafood matrices.
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